effectively prevent the initial attachment of bacteria to implant and device surfaces and subsequently avoid the device-related infection. [18] [19] [20] [21] In order to obtain such antibacterial coatings, several mussel-inspired polymers, including polydopamine, [22, 23] catechol-derived poly(ethylene glycol), [24, 25] and poly(acrylate-co-acrylamide), [26] were chosen as the coating matrixes. Many ingredients, such as Cu 2+ ,
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effectively prevent the initial attachment of bacteria to implant and device surfaces and subsequently avoid the device-related infection. [18] [19] [20] [21] In order to obtain such antibacterial coatings, several mussel-inspired polymers, including polydopamine, [22, 23] catechol-derived poly(ethylene glycol), [24, 25] and poly(acrylate-co-acrylamide), [26] were chosen as the coating matrixes. Many ingredients, such as Cu 2+ , [27] silver nanoparticle, [28, 29] amphiphilic groups, [30] antibiotic, [31, 32] peptide, [33] and natural antibacterial agent [34] [35] [36] (i.e., tannin, chitosan, and bronel) have been incorporated into these matrix for antibacterial studies. Although these mentioned coatings are effective in prohibition of bacterial growth on surfaces, sophisticated procedures such as surface-initiated polymerization, layerby-layer deposition, and chemical grafting are generally involved in the fabricating process. [37] [38] [39] [40] Thus, to develop more facile and simpler methods for preparing mussel-inspired antibacterial coatings are still challenging and deserve further study.
Investigations on the attachment plaques from various mussels reveal that the reaction of catechol and amine group (in lysine residues) via the Michael addition or Schiff base reactions play a critical role in the formation of water-insoluble, 3D marine adhesive proteins (MAP) networks. [5, 12, [41] [42] [43] [44] [45] Inspired by this characteristic, Li et al. developed a water-resistant wood adhesive by simply mixing two commercialized materials, branched polyethyleneimine (PEI), a low-cost and amine groups-enriched industrially material and tannin (TA), a natural product rich in catechol groups. [46] Subsequently, this simple and low-cost technology was also used to fabricate functional coatings. [47] [48] [49] [50] For example, Wang et al. fabricated hydrophilic modified polypropylene separators by the co-deposition of catechol and polyamine for Li-ion batteries. [51] Xu et al. reported the co-deposition of catechol and PEI onto nanofiltration membrane for textile wastewater treatment. [52] What's more, based on this technology, the usage of noneconomic catechol-containing materials such as dopamine (including polydopamine) or synthetic catechol-derived polymers was also avoided. Nevertheless, to our best knowledge, this simple and facile method has not been applied in the design of mussel-inspired antibacterial coatings.
In this study, we, for the first time, synthesized a musselinspired antibacterial coating via the simple co-deposition of PEI and a quaternized catechol (QCat) in an aqueous
Introduction
Mussel-inspired catechol chemistry opens a versatile approach to build functional materials for surface modification due to their fascinating chemical properties, such as outstanding adhesive properties, strong metal-chelation abilities, and redox characteristics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] These biomimetic materials form functional coatings on the surface of a wide range of substrates. [13] [14] [15] [16] [17] Among these coatings, antibacterial coating is very important and has been extensively studied, since the demand to free the surfaces from bacteria attaching and proliferating continues to increase, especially for biomedical devices. An antibacterial surface can C-NMR, UV-vis spectroscopy, and Fourier-transform infrared (FT-IR). The antibacterial efficiency of the resulting PEI/QCat coatings against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) was assayed with bacterial log reduction test and zone of inhibition test.
Results and Discussion

Preparation of QCat and Coatings
Quaternary ammonium salt (QAS) was selected as the antibacterial agent in this study due to its broad-spectrum antibacterial efficacy toward both Gram-negative E. coli and Gram-positive S. aureus. However, direct blending of QAS into the coating matrixes often results in the loss of antibacterial agent during use and sequentially reduces the antibacterial efficacy. Thus, a QAS monomer containing catechol group, QCat, was synthesized since it could be bonded into the coating matrix (PEI) selected in this work via the mussel-inspired catechol chemistry. The synthetic route toward QCat is shown in Figure 1A . Dodecyl was selected as the aliphatic chain since a QAS with aliphatic chain at this length general exhibits the optimal antibacterial efficacy. [53] [54] [55] The chemical structure of QCat were confirmed by 1 H NMR spectroscopy ( Figure 1B) . The peaks at 6.83-7.42 ppm are the characteristic peak of the protons in the benzene ring. The peaks at 9.6 and 10.4 ppm are the characteristic peak of the protons in the phenolic hydroxyl group.
The peak at 5.2 ppm is the characteristic peak of the protons in the methylene between carbonyl and quaternary ammonium nitrogen atom. The peaks at 0.8-1.8 and 3-3.5 ppm are the characteristic peak of the protons in the alkyl of N,N-dimethyldodecylamine. All these characteristic peaks indicated that QAS was successfully synthesized. In addition, the chemical structure of QCat was also confirmed by 13 C NMR spectroscopy ( Figure S1 , Supporting Information).
Then, QCat and PEI were co-deposited onto glass substrates to form the antibacterial coating in a Tris-HCl buffer solution (pH = 8.5), as shown in Figure 2 . PEI with molecular weight of 25 kDa was selected as the coating matrix. In the alkaline solution, the catechol groups were oxidized and the generated quinoid structure reacted with the amino groups on PEI (the terminal amine of polyamine would preferentially react with the catechol moiety because primary amine is more active than secondary amine) by Michael addition or Schiff base formation reaction, and finally form a water-insoluble coating. Compared to reported fabrication methods such as layer-by-layer deposition and chemical grafting, [56] [57] [58] [59] [60] [61] such co-deposition technology is very simple and facile. In order to study the effect of amount of QCat on the surface morphology and antibacterial efficacy, a series of antibacterial coatings with different molar ratio of QCat to primary amine groups of PEI (0.5:1, 1:1, 1.5:1, and 2:1) were prepared. The obtained antibacterial coatings are named as PEI/QCat-x, where x represents the molar ratio of QCat to primary amine groups (QCat/NH 2 ) of PEI. For instance, the coating named PEI/QCat-1.5 was obtained from a solution containing QCat and PEI with a QCat/NH 2 ratio of 1.5:1. In addition, a coating prepared from PEI and catechol (with the catechol/NH 2 molar ratio 1:1), namely, PEI/Cat, was prepared under the same conditions as the control, to evaluate the contribution of PEI to the antibacterial property of the coating (PEI is a water-soluble polymer with antibacterial potent, however cannot form water-insoluble coating on the substrates by itself).
General Characterization of the PEI/QCat Coatings
The photographs of the resultant coating with different molar ratio of QCat to PEI are shown in Figure 3A -E. The colorless glass turns from yellowish to brown after the modification and the color is uniform, indicating the formation of a homogeneous coating. At low molar ratios (the molar ratio of QCat to amine groups of PEI ≤ 1:1), the resultant coatings, PEI/QCat-0.5 and PEI/ QCat-1, exhibit a smooth surface, while further increase of the dose of QCat (the molar ratio of QCat to amine groups of PEI > 1:1, PEI/QCat-1.5 and PEI/QCat-2) led to an uneven coating surface. This might be due to that the additional deposition of poly-QCat resulted from self-oxidative polymerization of excess QCat onto the surface. Moreover, this additional deposition also led to a deeper color change of the coating surface. 
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www.advancedsciencenews.com www.mme-journal.de NMR spectra of PEI/QCat coatings also clearly show that the content of QCat in the coating increase with the increase of dosage of QCat during coating formation (see Figure 6 and the corresponding discussion in coating structure and adhesion section). Scanning electron microscopy (SEM) images ( Figure 3E -H) clearly show the change of surface morphology of the resultant coatings. For PEI/QCat-0.5 coating, the coating surface is discontinuous with separate domains ( Figure 3E ). This discontinuous phase might be due to the lack of effective cross-linking. For the PEI/QCat-1 coating, the formed coating becomes more uniform and continuous ( Figure 3F ), in which slight wrinkles can be found on the coating surface. This uniform and continuous morphology is significantly different from particle-like morphology of polydopamine coating under the similar deposition conditions. [62] [63] [64] Atomic force microscopy (AFM) images show that the average roughness of the representative PEI/QCat-1 coating is 0.171 µm ( Figure 3I ,J).
With increase of dose of QCat (PEI/QCat-1.5 and PEI/QCat-2),
we can see that the surface is covered by lots of convex blocks ( Figure 3G ,H), which makes the obtained coatings become rough and uneven in visible scale. It is worthwhile to mention that the possibility of QCat itself to form a coating in the Tris-HCl buffer solution was also investigated, however, no well-defined coating was formed, showing that PEI plays an important role in the coating formation. Static water contact angles of co-deposited glass surfaces have been measured to investigate the surface hydrophilicity of these coatings, as shown in Figure 4 . As seen, the PEI/QCat coating surfaces show much smaller water contact angles and better wettability than that of the pristine glass surface. These could be attributed to the synergic effect of hydrophilic groups, such as amine and phenolic hydroxyl, on the coating layer surfaces and also a relatively higher coating surface roughness. For example, the water contact angle of pristine glass is 104°, while the PEI/QCat-0.5 coating surface is decreased to 65°. The water contact angle decreases and wettability improves with increasing of QCat and the water contact angle of PEI/QCat coatings changes from 65° to 50°.
Antibacterial Properties of the PEI/QCat Coatings
The antimicrobial activity of the prepared PEI/QCat coatings was examined for both Gram-positive S. aureus and Gram-negative E. coli types of bacterial species after 24 h of incubation. The adopted test procedure is according to the standard antimicrobial susceptibility test protocols such as ISO 22196 and JIS Z 2801. It is well known that the "killing process" follows first-order kinetics, implying that the reduction is independent of starting concentration. Therefore, in this study, a starting bacterial concentration of 10 5 CFU mL −1 is used as prescribed by the ISO 22196 protocol. Antimicrobial activity was defined as a decrease of at least 2 log 10 units of a bacterial suspension (10 5 bacteria mL ) within 24 h. First, zone of inhibition assays after being incubated for 24 h against S. aureus and E. coli was carried out and the results are shown in Figure 5 , using PEI/QCat-1 coating as the representative example. During the incubation period, the bacteria can only grow in where there is no antimicrobial agent. In case of any leaching of the agent from the coating sample to the agar, bacterial growth would be inhibited to the point where active compound could reach. This would then be observed as an inhibition zone around the test sample. According to Figure 5 , no distinct inhibition zones were observed upon the incubation of S. aureus and E. coli with the coating, indicating that antimicrobial agent in our case did not leach from the coating. This is understandable since the prepared co-deposited coating is a network formed by the cross-linking reaction of PEI and QCat, in which neither QCat nor PEI can leach out from the coating. However, we can clearly see that no attached bacteria could be found on the coating surface, indicating the good antibacterial property of the prepared coating. Similar results have also been observed on other coatings (PEI/QCat-0.5, PEI/QCat-1.5, PEI/ QCat-2), as shown in Figure S2 (Supporting Information).
Then, bacterial log reduction test was carried out to quantitatively evaluate the antimicrobial efficiency of the prepared PEI/ QCat coatings, as shown in Table 1 . Compared to the pristine coating, PEI/Cat, the presence of QCat significantly improves the antimicrobial efficiency of the resultant coatings, and the antibacterial efficiency increases with the increase of QCat dosage. For example, for S. aureus, the bacterial log reduction value of pristine coating, PEI/Cat, was 0.41, while the value was increased to 0.93 for PEI/QCat-0.5, which, however, did not reach the desired minimum 2 log 10 reduction against both bacterial species due to the low dosage of QCat species. When the dosage of QCat reaches to 1:1 of molar ratio of QCat to PEI, PEI/QCat-1, the bacterial log reduction value was 2.1 and 2.0 for S. aureus and E. coli, respectively, which satisfied the minimally desired 2 log 10 reduction. Further increase of the dosage of QCat to 1.5:1 and above, the obtained PEI/QCat-1.5 and PEI/QCat-2 coatings showed even better antibacterial efficiency for both S. aureus and E. coli. It was easy to understand that as the dosage of QCat increased, the content of the effective component of the antimicrobial increased and led to higher antibacterial efficiency. Overall, the results indicated that the PEI/QCat coatings with more than 0.5:1 of molar ratio of QCat to PEI possessed excellent antibacterial property. Moreover, one can also find that PEI/QCat coatings exhibit much more effective antibacterial activity against S. aureus than against E. coli. This is due to the more complexed cell membrane composition of Gram-negative E. coli. We also investigated the role of molecular weight of PEI in the antibacterial properties of the PEI/QCat coatings. The results indicated that at the same QCat dosage, molecular weight of PEI had little influence on the antibacterial properties (Table S1 , Supporting Information). QCat dosage is the only vital factor in the antibacterial performance of the PEI/QCat coatings.
Coating Structure and Adhesion
As described above, we postulate that the catechol groups could be oxidized and the generated quinoid structure can react with the amino groups on PEI by Michael addition or Schiff base 
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www.advancedsciencenews.com www.mme-journal.de reaction in the alkaline solution during the coating formation process. With multiple reactive sites both in the oxidized catechol (quinones) and PEI (multiple amino groups), cross-linked network could be formed via various possible reactions. The reaction mechanism might be similar to that of dopamine oxidation polymerization, in which the intramolecular cyclization process of dopamine is not involved. [40, 50, 52, 65] A visual but indirect evidence of the incurrence of cross-linking in co-deposition is the solubility change of the formed coating. The starting materials, PEI and QCat, are water soluble and the formed coating is water insoluble. However, the coating is soluble in highly polar organic solvents such as DMSO, which gives us a chance to characterize its structure. We characterized the chemical structure of PEI/QCat coatings using NMR spectroscopy and the 1 H NMR spectra are shown in Figure 6 . The characteristic peaks of the protons in QCat (7. Figure 1B ) and PEI (2.5-2.8 ppm) appear in all PEI/QCat coatings. This indicates that both QCat and PEI participated in the coating formation. Moreover, the broad peak at around 4.0 ppm, which is assigned to the protons of amines in PEI (the signal of the proton on amine groups in pristine PEI appears at around 1.9 ppm, which is shifted to around 4.0 ppm in the PEI/QCat coatings due to the change of chemical environment), become weaker gradually with the increase of dosage of QCat, indicating the occurrence of the reactions mentioned above. In addition, the ratio of peaks at 6.2-7.5 ppm (the characteristic peak of the protons in the benzene ring of QCat) to peaks at 2.5-3.0 ppm (the characteristic peak of the protons in the PEI) increases with the increase of the feeding ratio of QCat to PEI, indicating that the content of QCat in the coating increase with the increase of dosage of QCat during coating formation. The 13 C NMR of PEI/ QCat-1 coating (see Figure S1 , Supporting Information, using PEI/QCat-1 coating as the representative coating sample) also confirmed the reaction between QCat and PEI. Compared to the 13 C NMR spectrum of QCat, there is an obvious change on the chemical shift of carbons in aromatic ring in PEI/QCat-1 coating. This is due to the oxidized catechol and subsequent cross-linking reaction. We also measured the UV-vis absorption of the coating material in a DMSO solution to monitor the formation of the cross-linked films, using PEI/QCat-1 coating as the representative coating sample, as shown in Figure 7A . The absorption band that appears at 380 nm is assigned to the quinone formation, which testifies that the catechol group in QCat can be oxidized to quinoid form under the given conditions. Thus, we speculated that the subsequent cross-linking between quinone moieties and amine (formation CN or CN bond) in PEI could occur in co-deposition process. FT-IR spectroscopic change ( Figure 7B ) also provides two direct evidences for crosslinking: (1) the distinct decrease of the absorption band of amine (3300 cm −1 ) indicated the amine indeed participated in the coating formation; (2) although the signal of newly formed C(aryl)N bond might be masked by the signals of other CN bonds, a clear absorption at 1515 cm −1 appears on PEI/QCat coating material, and is assigned to the C(aryl)N bond symmetric stretching, which is not observed for pristine PEI and QCat. In addition, because primary amine is more reactive than secondary amine, the terminal amine of PEI will preferentially react with catechol. Based on these evidences described above, the possible structure of coating is shown in Figure 7C .
Besides glass substrate, the mixed PEI/QCat solution can also form satisfying coating on metal and plastic substrates, as shown in Figure 8A -F. PEI/QCat-1 that could form a smooth and homogeneous surface was used as the optimized solution. Similar to the PEI/QCat coating formed on glass substrate, the coatings obtained on stainless steel (SS) and PVC substrates are also smooth and homogeneous. The formed coatings exhibited good adhesion on both substrates. The coatings always keep its original form even if they were rushed under the faucet for 10 min, as shown in Figure 8G . In order to quantitatively evaluate the adhesion, a cross-cut method was employed to evaluate the grade of adhesion of the formed coatings. The cross-cut method is a general procedure to qualitatively evaluate the adhesion of polymeric coating upon substrate and the adhesion is demarcated from 1B to 5B according to the ASTM D3359 scale. The higher the value, the better the adhesion. The level 5B indicates no detachment of square lattices from the substrate surface and the edges are completely smooth. In our case, the adhesion of coatings was at 3B level on all substrates (the photos of coatings are shown in Figures S3-S5 , Supporting Information). Although it did not reach the highest level, it was worthwhile to mention that such adhesion with the grade 3B surpassed many reported cases. [66, 67] 
Conclusions
In summary, we have demonstrated a facile bio-inspired method to fabricate antimicrobial coatings via simple co-deposition 
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of PEI and QCat, in which PEI reacted with QCat through a cross-linking reaction between amino and catechol groups. The PEI/QCat coating could significantly improve the wettability of the surface and the water contact angle decreased with increasing of the dosage of QCat. The ratio of QCat and PEI could obviously alter the surface morphology and antibacterial efficiency of the formed coatings. At the low dosage ratio of QCat and PEI (PEI/QCat-0.5 and PEI/QCat-1), the coating exhibted a smooth and homogeneous surface, while further increase of the dose of QCat (PEI/QCat-1.5 and PEI/ QCat-2) led to an uneven coating surface. When the dosage ratio of QCat and PEI is more than 0.5:1, the fabricated coatings show excellent antibacterial property against both S. aureus and E. coli. Moreover, the coatings exhibit good adhesion on glass, metal, and plastic substrates, and the adhesion of coatings could reach up to 3B level on all substrates. This study provided a simple and faicle route to the formation of well-adherent and high antibacterial mussel-inspired coatings, which might be applicable in industrial and medical fields.
Experimental Section
Materials: 2-Chloro-3′,4′-dihydroxyacetophenone, Tris(hydroxymethyl) aminomethane (Tris), N,N-dimethyldodecylamine, and Luria-Bertani (LB) were purchased from Aladdin Industrial Co., Ltd. Branched PEI (M w ≈ 25 000, the amine value is 19 mmol g −1 , in which 35% is primary amine) were purchased from Ji'nan Zhengyu Chemical Industry Co., Ltd. E. coli (ATCC25922) and S. aureus (ATCC25923) were purchased from Shanghai Luwei Technology Co., Ltd. Ethyl alcohol, hydrochloric acid, and ether were purchased from Sinopharm Chemical Reagent Co., Ltd. Deionized water is homemade. All the chemicals were used as received.
Characterization: NMR spectra were recorded on a Bruker AV600 MHz spectrometer using TMS as an internal standard. Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectra of the samples were recorded on a Fourier-transform infrared spectrometer (1600, Perkin-Elmer Co., Wellesley, MA). UV-vis spectra were tested by UV-vis spectrophotometer (Lambda 25, Perkin-Elmer Co., Wellesley, MA). AFM measurements were performed on an Agilent 5400 instrument using tapping mode. SEM measurements were performed on a Hitachi S-4800 with an accelerating voltage of 3.0 kV on freshly cleaved mica and the samples were coated with gold before imaging. Static water contact angles were measured on a contact angle meter (DSA100, Kruss Company, Germany) by a sessile drop method with 5 µL of water. Adhesion test was performed using a cross-cutter, model Erichsen 295/II. Synthesis of QCat: 2-Chloro-3′,4′-dihydroxyacetophenone (1.87 g, 10 mmol) was added in 20 mL of ethyl alcohol and stirred at room temperature until fully dissolved. Then, N,N-dimethyldodecylamine (2.7 mL, 10 mmol) was added and the solution was heated to 85 °C and stirred at this temperature for 48 h under Ar atmosphere. After cooling to room temperature, the reaction mixture was concentrated and precipitated in ether twice. The resulting dark brown solid was dried under vacuum at 45 °C to yield 3.28 g of QCat. The yield was 82%.
Preparation of PEI/QCat Coatings: Glass, SS, and PVC sheets were selected as the substrates and cut into 10 mm long, 10 mm wide rectangular foils. Then, the foils were cleaned in an ultrasonic bath for 30 min, rinsed with isopropyl alcohol, and then blown dry by nitrogen before use. Solutions for coating were prepared by dissolving the QCat and PEI in a Tris-HCl buffer solution (pH = 8. 
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www.advancedsciencenews.com www.mme-journal.de ratio was defined as the catechol groups in QCat to the primary amine groups in PEI. The concentration of PEI was fixed at 6 mg mL −1 in the solution and the concentration of QCat was adjusted according to the molar ratio of QCat to PEI. A typical method is as follows: glass (or SS or PVC) foils were immersed in the freshly prepared solution and shaken for 24 h at room temperature. Then, the samples were taken out, rinsed with deionized water several times to remove the impurities from the surfaces, and blown dry by nitrogen. Another group of glass foils was immersed in a solution with PEI and catechol under the same conditions for comparison.
Step profiler (Dektak XT, Bruker Corporation, Germany) test showed that the thickness of the obtained coatings with different molar ratio of QCat to PEI from 0.5:1 to 2:1 was 0.4, 1.2, 1.8, and 2.2 µm, respectively. Antibacterial Activity: Bacterial Log Reduction Test: The test was carried out according to the reported method. [53] Specially, Cultures of S. aureus and E. coli were grown aerobically during 24 h at 37 °C in sterile LB broth. These active growing cultures were diluted in saline (NaCl 8.5 g L −1 ) to a concentration of 10 5 bacteria mL −1 . Then 1 mL of the bacterial solution was added to 24-well plates containing 1 cm 2 of coating/well, except for the control well without coating. After 24 h incubation at 37 °C dilution series of each treatment was made and 100 µL of three dilutions were plated on sterile LB agar. After 24 h, the number of colonies on each plate was determined to get the corresponding concentration of living bacteria.
Zone of Inhibition Test: The test was carried out according to the reported method. [53] Specially, lawns of S. aureus and E. coli were plated on blood agar. Coating samples (1 cm × 1 cm) were then placed upon these lawns with their active side on the agar. The plates were placed in a 37 °C incubator for 24 h and afterward evaluated for the presence of inhibition zones.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. 
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